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This paper reports experiments on an unstedy turbulent b~r
layer. Thm upstrem portion of the flow 10 stoady (116 the 044) I
the downstream region, the boandary layer sows a lowily decresag
free.-strem velocity. Thin velocity gradient Oscillates In time, at
frequencies ranming from Saro to Approximaty the bakstleg frequency.
Considerable detal Is reported for a low-amplitude case, a* prelISMIMMY
results are given for a higher amplitude sufficient to produicesa re
verse flow. For thm mall amplitude, the mess velocity and sam tuibmu
Iowae Intensity profiles are unaffected by the oscillations. "We
amplitude of tim periodic velocity component * although as mch So70Z
greater than that In the free stream for very low frequescies q beaoon
equal to that In the free stream at higher frequencies. At high, flrequw
Cleo, both the boundary layer thickness and the Weymolde stress diattibe-

amplitude Is quite similar. Mast toportestly, at sufficiently high. Ste
quencies the boundary layer thickness romaime frozen at Its meon value
over thm oscillation cycle, even though flow reverses near the vMil, &*12
a part of the cycle.

introductiont

The objectives of the Stanford Unsteady tarbulent mouadary lAYer

Prqffm amm to develop a fummstal usarstmodif of such flome, to

provide a defimitive data base which cam be used to guide te~d*lS S MO Ine
dVW!oasR and to provide test Comm ub am be Usna by emUt"tS L6C

comparison with pedictions.
Doe to *pece lItataties, wark of other --etime van w ll t be

sumased here, except to Ste that all CIO pr*viin eiarst st

characterized by unsteady flow at the islet to the ummesly awiem. htr a
comparison of the present experimental parameter 0 I"& " of O

Investigatiale, oft Ibfermse 1. Te diatimouve S~ of o tu m F os
expeuimmes S thet the beundery layer at the lowi 46 the mmf " f

to a standerd, #*sof flat-iate turbuast Ir ONer il kw~ to tu

subjeeedto tulndemilatmaof ths alm oe. am d M imit
aeseciLly Ampoemoet frem the palmso WSW vIt Gof a m, 06 WUS pit
alumsadw atelies eboary emisee tor aoputsoeat to *lew*

ev3 I. mo -e -bout Rehsssr Nelo i@A&*.



lree-S~re budeyOsUMiti Of the esuheret
The desired free-taft velocity wa.(zt) in the water twafnl %A"l

for thi week Is sam In Pig. 1, me ress df aid sfoomfe the
first to metaes of hswmary layer dsse~ . it thee-decreaes 115-
early In the test section;9 the Sawue of the velocity adsf varie

sisusoi1daly from sft. to a uwdn vae lurbe the oclaincycle.
The mean free-strems velocity distribution Is the test section is thee

linearly decreasing and corresponds to the distribution at tin cycle phase

angle of 90%* whle the amplitude of - Imposed fre-etreas oscillatoise

grows linearly In the streMmisO directiou, starting at son@ at the
entrance to a nazlu value Of so at the exit. Nme,

U.(Z' 0 a. x <
11 0,w %[-o~tj ,Z1+

The Important parmters of tis paoo tre the aplitude paamter
* - aIma, and the frequency Paramter: is' - £*IA.u*. hbr. f

I(2w) ad a I the thickmes of ths bousdary layer at the Lnlet to

the unsteady region. In 'the presnt ezpsrhaantst

aft.-M0. 73a/&, 44m0 .0O5 a,00< I2hs,O0 <a <O.21, 0 < 0 <O.1 4

It ebbuld be mentioned that the value of the frequency parmset 06

at the so-called *burscing frequescf s turbulent boundary layers Is

about 0.2 12). Thus the Imposed- owcllUation -£qm cle-used In the

present experiments cover the rawg u frm uai-steady (f U0) to values

approachin the bursting frequency. The results reported hae are for to

mn-diesn iowl npltudes, a - 0.05 and 0.25 (nominaly). sh atter

Is sufficient to cause reverse flew in a turbulent boundary layer at the
and of the test sectlos during a part of the oecilLatien cycle.,

Figure 2 Is a schematic of the facility. Mhe l*I1 used*.sttt

is foloved by a 2 a long development secti... & at the test ibdet7W
layer Is St! a on the tUp Mel. A coeet heed abi a seestaat flu, te-

sistance prvmdes constant flow . Thu freer m velatity Is the eavl-,

S. *twat sectiou Is sasslned MUOM eArn al x by bleed fem thM )btl

owe linar decrease A& friem-sreM velocity im thet test s"Som JW
aVplshed by neifemsLy bleedin off seom flow thesegh doe bOO wal

is the test sectio. asremainder of the flow saitoo tem



-012041.jbee two flows euits the two"e throfth 019" i ;- SsiaSi ~*S

?bm de.~p smears thata reandiemt of e U eS itts of I"d~U~e

plate, -tim total gua e oe f the slets pat M_ s.t $ot 'dso

flw y sol dally secillatia ths pleat, a liasaly ms MONOS*

odic free-strom -~trb to establibuds thti teow intls. w
tim ""etram flow In tim devlq t atie rrndas steady.

P~tct tubes are used for sem Velodity mseomsi tom* tae
regious. hasteedy vaecity Issrt I we -a ia-mns, enu

Pollowiag maceels sad Asymlds (33,9 the Instatanous velocity see
fro m unsteady turbalest flow may be doespoed late three parts8

Where u Is the msaw, Is e tims-dpedout, organized (deoeuiait
empoaa, W9ad u, Is tim random Sluatuatios. u is determiusad by LOW-
tim eaverseiag of U. Mure I Is of a Periodic *&twre MA may hi deter-
u mied by first phase-everaging the Imstauemu velocity sigsl sod tim

subtractiag out tim mean. Thus,

hbr. 4C u > tim phase averagge velocity,, is deteunind by avevegiafee
an osemble .5 amptes takes at a Sized phse is tim Imposedsilaa.
la tim preesat aiPeriMts, With haaSOMIC oscUiltiss Of tim flea StOOM.
the reepese at peowt vathfin gho hesadey layer is &bwst AedwAM9
with hmge homia eestrbuti low thus 52. 1". * imp al" U,
extracted tmr towiestmessilsbyeg-iw1es S

elem"v so phse With the Aeilem &~ t i4sle atIAshstI "IM
* - use "d to dsteumia. exseestletle 14ueta hef -9 dAmewsUtta

here. Curreatly a US I341 1*ateuy adifuraat i wd
* autainatia date SuedetLam 4"a Peeewieg, "a"f the

Phase aimsee of is ad 04

iscat "um the ad of the lot seeties at a - .Ma.
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"Mwa St Salm MZiUM Of am"~~l~a~
the. m avlocIty premle@ inevd with the oesillsxf plain S

fized psettles. S a 0, W UV ang fit by aso".d eets is It. 3
~se opeenat ieWS w. PO-pee tm fvom y w i~e I

&SOed profilems- At We a fisedk (a a 8.05)0 Setep goiot the
boundary layer 1. slumt Ua*, *as ties b gdlil torsmla e0

900 1i. meetly midmy beemass this 0 a0 end ISV pWofil. 166

Prof ile represents "a, PROWla SW- SOeedy.t~ion h
differne betwee th 0 and 90 proca.&es at a fixed 7-1uucaw.

* - represents th apliatude of queass~ ataazi Sth 146&ta Is
tie-1-bsomer- layer. note tbat. t ques-tteaft- mmIttedes is ti boudar

*layer, are, larger than the fe-strin aqdltwfe.
Tie mesa 'velocity profiles. measured bader sullatary 461bdift at

0.be and .0Obsarehown asdata points aIs1g. 3. not at kthe
meas velocity prof iles at various frequemel. are identical with tie pro-
file measured under stationery condition with puiser ample st at
00. It my be concluded that the Mean velocity Profile (at Sr fited Mr

plitude a - 0.05) Is Independent of the Imposed oscillation frequency In
the entire raOug 0 < f < 2 he. The sam behevior persists all tho, my, up
to the wanI

Whs -behavfor of the mean, velocity profile my be explIne" IV on.
exaination of the governing equations. Qbe -of (1) La tbe omts squw

"Iona (3) My be receemise t af sie ~ f equesies "ASmM sae w-~ tS
bulest bemadar layer, ma g ts ie dsdts. of tbe sat W. Whisk
topees ftymmlde *%*so*e aslog Us. she e6gad

fte f & 0 atS W I. *sspeeIs.*M JAM nes ehf*MWi Sa aw-
frequenY -iSm LI U AM p 40 I Ue. Of 4ie %f%4sOt pW

* Te detiOW"a of bMM& OWme f'~5.

553 .siisese Ito ~ teInepm



V. &hall amv argue that neither of the above cir a s mt. sonu
4 shows the measured distribution of 66 Sinder sationr comditi
With the pulsar at S - 900 C the sem positsa) s Wal AS these ama
sure.~ under oecillatory Coaditae -at -rqen eup -to .2 ha. Rote that - .

U~e Is Ipeet of the impoed esilties frequency and, furthere
tht ItIs themesht mesred at f-0 sad 0mw. Webieve
that the -sm - uldd be true for WYS" whiab at present we carnnot amea1-
sure. Figure 5 gives a Comparises -betwee measured values of V at 2be
with dots on 77u'v obtained by Andersen, (4) In -a steady avers.essr
gradient boudary layer at comparable conditions. The present data on

uV were.- obtained -by -separate: LMA. -~et of* -- aad -V and their
respective phases. It my be meem that the contribution of ur to total
Reynolds stress, Is Insignificant over almost the entire bo may layer.
Banco, 7-7 V Is Independent of frequency and uv Is negligible, and so
the mean velocity profile is also Independent of frequency and Is the same
as thetfound at f - 0 with 0 90*.

The behavior of the periodic component a will next be examined. Vs,

donateI
&I- a(Y) cosaot t *(y) (4)

The profiles of amplitudes &I measured In the boundary layer sad 06rmel-
Lzed by the free-stream amplitude &I ane shown in Fla. 6. go profile
for quasi-steady (f a 0) oscillations wae determined, as explained eas-
lier , from the mes velocity -profiles measured -at.- f - 0 with 0 * 0 ,
90*, and 180' (see Figs. 3(a),9 (b)). note that, during quesi-steedy
oscillations,, the amplitude In the boundary layer exceeds the free-stram
amplitude by as webhas 70. Itmaybe meionedthat data for 9 0.1
bag me shown on FIg. 6,* do indeed cam very close -to the qeie~
behavior.

As the frequency Is increased, the amplitude witi the. boundery
layer Is attenuated. The amplitude appears to amsp s f is increased
and them rise asain. At high frequencies, the Aplitede fn mest of the
boundary layer is the same as in. the fres-eta seOW dhe Wall the inpli-
tude of the periodic component rapidly drop tose.

The phase differences between. the boundary laye .swllalaso mamd
f rae-streft Oscillations are shows in Pig. 7. vor f -, thea Is s
phase ifLferemee. soe large"t chs l"P in tft aear regio afth
-boudar -layer ware Observed at f a 0.23 he. -10 0,16WOt t* sagg aft
the frequency is to reduse the phase lgI" the do t ao"eg *m byst 4.



introduce large phase laws. in the region very close to the AU.l
Clearly, the asymptotic behavior of the SM 1" foir high freues"iS
to onto again a sare phase lan with respect to frose-strem ozoillatoms.
SO Is therquest-steedy-case.

At biah -frequencies * the cobtoinof -the -aspaptotic behaviors of
al/at and -,Is the ester reaies-toethar.ui1t..he -fact- that. the- *mw
velocity prof ile Is unufected. .wy imposed. osc3JlUtons.9 I Ms the effec-of
freeaig the -boundary- layer thickss * Tis s show. In. Pig. .5 S where the

phase-veraged lote abumiary layer -thickmess < 6, f ispotdL un-
tie. of .-the..CYCUlb phase angle. for- s*~I. 1reqsce.. Dow .queal-steady

beaIo Of - < ap >Is -quite-..hvis.. at -* - 0, the..-bomsdary. layer
In the test section -continues-- to deveilop -nuder a seo pressure. -gradient
ed Is the thimaest at this point in the entire cycle. Am the phse aqle
is Increed * pressure gradients of increasing adversity are Imposed on
thes b8INdArY la70r, causing It to thicken. The meziamm thickness Is at-
ta&eM at S = l.. under the mezxmum adverse pressure gradient. kance,
at f£ 0,, 4 selliates 180 out of phase with v6.

eON esuillatory conditions at f - 0.25, 0.5, and. 2.0 ha,, two
tbAWg beppem: a significant phase lIg develops from quasi-steedy behavior
and the m*aplit attenuates with Increasing frequency. pow the f - 2.0
ha case,- the variation over- -thacype 'esyc.Is less-.then 3.1 and the
boUndary layer thcknes IS, practically frozen during the oscillation
Cycle.

It say be shown by a simple argment based on a iiglength model
Of boudary layer tubulence that the freezing of the boundary layer
thickness at high frequencies is also accmpanied by freezing of the Aye-
mOlds stress Over the oscillation cycle. lb prove tise, if hypothesize:
that the phase-averaged Asymolds stress distribution may, be related to the
phase-avereged velOCIty profile In the sae maner as for a steady bound-
ary layer, ioe,

am$ Is the outer. rem of the bemaday laong the sizing length a sQ.
to modeled a

Where A is userly a Constant. New,

< u > a a +4a1 (Y) cofit + (y)3



b~evr *In te higb-Srequeay lUnits

a (Y) a 1 0  cet #(y)-O0 and < 4 > gco~t. 6

Combinuga the above, oes finds

< ( *,I> - ~'(10)

I e., the phse-averaged Reynolds stress In the outer region also become
frosen at - uI,3 .

Experimental evIdence of this stress-f reesia behavior vea obtained

by maurmunts of phase-averaged norel turbulent stress < u#2 >- Th
quaai-seady (f 0) profiles of < u'2 > are above In Fig* 9 Lor three

phses angles * 0% W0, and IW0 N ote that the distribution for 900
lios; nearly midway betus these for 00 and 1800. The distribution of

<u,2> for go* Isth as t h edistribtion of an, aseen
earlier. Therefore, the diff erence between the 0* and W0 curves In
Fig. 9 represents the amplitude of. quasi-steady oscillations of < u,2 >
at any point In the boundary layer. This amplitude as determined graph-
ically fre i. 9 ad I#plotted in Ia. 0 for thecase of fLUG.
Under oscillatory conditioms, the amplitude of the norml strssa oscil-
latioms is the boundary layer attenuates as the frequency of imposed of-
cillations Is increased from f - 0. At f - 2.0 be,, the amplitude of
stress oscillations across the boundary layer Is almost aero over the
outer region, as sewm in Fig. 10, I.e.. the Stress io almost heont over

the Oscillation cycle.

vokhovior -W-. a u e AWUdee otftnaedg ilais
4we am discuss the eave of a a0.25. ALL data rdarted' for this

case are reIl"iiry and Subject to reisonI!e ane laudd here

basmse of theft epoesil interest to thi sesmug. ALe. 9 earsse of

aSMI vOSSeIty gPfilee t L4 9 0,#J~ 04 0.5,* and 8.0 ft. 06,am inftf
W~~ga an. &fe h t .P"Cefile so iasttea Lor the "@fs of 9 G0,

0,1 and 2.0Obe. te e son 49e bo.0.25, hehemt s a



stion resuts fran excessive :hlokeming of the boudary layer during a
put of the oscillatiom cycle armm the phess angle. of ISO** 2he bleck'
ags. effect of-W In-nesvely -thck boftiary laers causes - = Inceas1e -1

the local free-Stram velocity in the test section. Therefore * the
desired linearly decreasing flr-steam velocity distribution- - is set

achieved over a part of the cycle.. - At .--hihe frequencies,- though, the

* ~boundary- layer thickness over the- entire -oscillation- cycle deviates very
little from Its msen value, corresponding -to the 0 - 90% f - 0 coa-
dition.

2he-behevior-of..theamplitud,. ratio and phase- difference with respect
to-free-strem, as shown in.Vigs. 12 and 13, is quite slmilar to that for
the lowmr-amplitude case. At high frequency, the overshoot in the ampli-
tude ratio dieappeare and phase angles over most of the boundary layer
approach zero. Very close to the wall, there Is a tendency to develop
phase leads.

lbs phase-averaged velocity profiles for f - 2.0 ha are s]hawn In
Fig. 14.* Note that at 0 - 180* there is a small region of reversed flow

close to the wall. Despite this flow reversal, the boundary layer thick-
nwas reains close to Its mean value, as seen in Vig. 15. This behavior
Is In contrast to that of a steady boundary layer, where excessive thick-
sung of the boundary layer occurs as flow reversal Is approached. At
low frequency (f - 0.25 ha), the thickness oscillates as.-such as * 40Z
about the mean value; however, at f - 2 .0 ha this variation Is only
about * 51.

Conclusions
The conclusions from our expecinents to date may be sumerized as

follows:

1I The mean velocity profile In the boundary layer Is unaffected by
laposed free-stram oscillations In the range of frequencies en-
played, and It Is the sam as the one measured. with a fre-steami
velocity distribution held. steady at Its mean value.

2. 7bis behavior of the meam velocity field Is a consequence of two
observatious: (a) the time-averaged Plynolds stress distrihution
across the bounary lay"a Is unaffected by the Imposed oscillations
and Is Indeed the *a as-the one meansured with the free-stram val-
salty distribution held steady at the mea value; and (b) the lay-
nolde stresses "ars frM the organized velocity flutuations under
Imposed osillatory conditions -aft ne"lgibl compared to the May-
sald* stresses due to the random fluctuations.

_ iijj!1 !-81



3.* The amplitude of the periodic component In the boundary layer under
quasi-steady oscillations (f + 0) is s much as 702 larger than the
Imposed tree-stram amplitude. himeva * at higher frequencies the
peak amplitude In the -boundary layer i18 rapidly attenuated -toward a
asymptotic- behavior where- amplitudes -:In the outer -region of the
boundary layer become the sams. as -the - ree-tram amplitude, dropping --
off to zero In the near-wall region.

4. Quasi-steady boundary layer velocity response Is in phase with the
imposed: freer-stream, oscillatons.;.. As the. frequency--- is Increased,
phase lags begin to develop l-n-th-.outer- region-- -of -the-. boundary
layer. The magnitude of . this phase -lag reaches a mazimum and - then
decreases with Increasing -frequency until -an asymptotic limit Is
reached-where the outer region once again responds In phase with the
free stream. Near the wall, however, large lead-angles are- present
at higher oscillation frequencies.-

5. A consequence of (3) and (4) above is that the boundary layer thick-
noe becomes nearly frozen over the oscillation cycle at higher fre-
quencies. This rmains true even if flow reversal takes place In the
near-wall region over a pert of the oscillation cycle, as in the
large-amplitude case.

6. A consequence-of (3), (4), and (5) above is that the Reynolds stress
* distribution- in the -outer -region of the boundary layer also becomes

frozen over the oscillation cycle at higher frequencies.
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16. AbOWe

__:This paper reports experiments on an unsteady turbulent boundary layer.
re upstream portion of the flow is steady (in the mean). In the downstream

Is velocity gradient oscillates in time, at frequencies ranging from zero;
o approximately the bursting frequency. Considerable detail Is reported for

* low-amplitude case, and preliminary results are given for a higher amplitude
ufficient to produce some reverse flow. For the smell amplitude, the mean
elocity and mean turbulence Intensity profiles are unaffected by the oscilla-
i ons. The amplitude of the periodic velocity component# although as inh as
02 greater than that-In the fre tream. for very low frequencies, bcoe
qual to that in the free stream at higher frequencies. 'At high ftequmscies,
th the boundary layer thickness sad the Reynolds stress diatributift acrs

he boundary layer becomes frozen.. The behavior at higher amlitile Us quite,
imilar. Most Importantly, at sufficiently high frequsmales, the binedety
yer thickness remains frozen at Its mewn value over the eilAtsm cycle,.
een though flow reverse* near the well dinnin a part of the cycle**..

17. K" W" 00i by Auu1wWI

boundary layers, turbulent boundary
layer, boundary layer f low.
oscillating flow, unsteady-flow, I.
pressure gradient MR@IqpIS
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